The cortical and subcortical connections of the middle temporal visual area (MT) of the macaque monkey were investigated using combined injections of [3H]proline and horseradish peroxidase within MT. Cortical connections were assigned to specific visual areas on the basis of their relationship to the pattern of interhemispheric connections, revealed by staining for degeneration following callosal transection. MT was shown to be reciprocally connected with many topographically organized cortical visual areas, including VI, V2, V3, and V4. These pathways link regions representing corresponding portions of the visual field in the different areas. In addition, MT has reciprocal connections with two previously unidentified cortical areas, which we have designated the medial superior temporal area (MST) and the ventral intraparietal area (VIP). The laminar distribution of terminals and cell bodies in cortical areas connected with MT follows a consistent pattern. In areas Vl, V2, and V3, the projections to MT arise largely or exclusively from cells in supragranular layers, and the reciprocal connections from MT terminate mainly in supragranular and infragranular layers. In contrast, the projections to MST and VIP terminate mainly in layer IV, and the reciprocal pathways originate from cells in both superficial and deep layers. On the basis of this pattern, each connection can be designated as forward or feedback in nature, and a hierarchical arrangement of visual areas can be determined. In this hierarchy, MT is at a higher level than Vl, V2, and V3, and at a lower level than MST and VIP.
The finding of a large number of intricately connected cortical and subcortical visual areas in higher mammals has made it clear that there is a very complex network involved in the processing of visual information.
In the macaque monkey, anatomical tracing techniques have been instrumental in demonstrating that there are at least 10 visual areas in the cerebral cortex (see Van Essen et al., 1982) and in suggesting how information is distributed among them (see Weller and Kaas, 1981) .
This report concerns the anatomical connections of one of the extrastriate visual areas in the macaque, the middle temporal area (MT). MT is a small area on the posterior bank of the superior temporal sulcus which receives a direct input from Vl -striate cortex (Cragg, 1969; Zeki, 1969) . It has a high percentage of neurons which are selective for the direction, speed, and binocular disparity of moving stimuli, suggesting it is important in the analysis of visual motion (Zeki, 1974a, b; Maunsell and Van Essen, 1983a, b) . It is obviously of interest to know exactly what inputs it gets, which centers receive its output, and whether these targets are also specialized for motion analysis. Such information is also of interest from a comparative viewpoint, as the connections of MT have been studied extensively in several other primate species Tigges, 1972,1973; Tigges et al., 1981 Tigges et al., , 1982 Wall et al., 1982) .
In the present study the anatomical connections of MT were examined using anterograde and retrograde Vol. 3, No. 12, Dec. 1983 tracers. We found that MT has reciprocal connections with a large number of identifiable cortical areas and also extensive connections with subcortical centers. Two of the cortical targets of MT are areas previously unidentified in the macaque. Although there are numerous pathways leading to and from MT, considerable order exists in the system of connections, and it is possible to delineate a clear hierarchy of cortical visual areas based on objective anatomical criteria. Finally, by analyzing the fine pattern of connections, we have obtained intriguing clues pertaining to the functional heterogeneity within individual cortical areas. An abstract of some of this work has previously been published (Maunsell and Van Essen, 1982) .
Materials and Methods
Anatomical tracers were injected into MT in the right hemispheres of three Macaca fascicularis which weighed between 3.1 and 3.7 kg. Because MT is small and there is considerable individual variability in its position within the superior temporal sulcus (Van Essen et al., 1981) , it was necessary to establish the location of MT in each animal with physiological recordings before the injection. All of the animals had been used for semichronic recordings from MT, the results of which have been reported elsewhere (Maunsell and Van Essen, 1983a, b) . In the course of these recordings the extent and topography of MT were largely established in each of the experimental hemispheres, and this mapping was used as a guide for determining where to make the injections. With this technique it was possible to make injections which were entirely confined to MT and which involved the representation of a particular part of the visual field.
Injections were made using a l-p1 syringe (Hamilton) containing 25 &i of [3H]proline in 150 nl of a 20% solution of horseradish peroxidase (HRP; Boehringer Mannheim).
To reduce damage by the syringe, the original barrel was replaced with a 30 gauge syringe needle (300-pm outside diameter). Leakage of tracers was minimized by loading 30 nl of a 30% sucrose solution into the syringe both in front of and behind the tracers. The approach to MT was horizontal, running through striate cortex and the lunate sulcus to reach MT from the white matter. For two injections the syringe needle was coated with a thin layer of insulating varnish everywhere except at the tip. Multi-unit recordings were made to confirm the depth of MT and the visual field representation before the injection. For the other injection, a microelectrode penetration to identify MT was made immediately before the syringe was inserted. Injections were made at a rate of about 120 nl/hr, and there was a 15min pause between the end of the injection and retracting the syringe. For the two injections made with the recording syringe, the animal was paralyzed and respired with nitrous oxide. For the other injection, the animal was sedated intramuscularly with ketamine. The splenium of the corpus callosum (posterior 1 cm) was transected to provide an anatomical marker for the boundaries of some of the extrastriate visual areas (Zeki, 1970; Van Essen et al., 1982) . The callosum was cut 3 to 4 days after the tracers were injected to allow time for label to be transported to the opposite cerebral hemisphere. This surgery was performed under aseptic conditions and with sodium thiopental anesthesia.
Four or five days after the corpus callosum was cut, an acute recording session was made to map receptive fields in MT and the surrounding cortex in the left (uninjected) hemisphere. The recording techniques used for this session have been described in detail elsewhere (Van Essen et al., 1981) . At the end of this session, which lasted 1 to 2 days, the animal was deeply anesthetized with sodium pentobarbitol and perfused through the heart with a phosphate buffer rinse (0.1 M, pH 7.4) followed by a series of buffered 4% formaldehyde solutions containing O%, lo%, and 20% sucrose. The brain was then removed, photographed, blocked, and allowed to equilibrate with phosphate buffer containing 30% sucrose.
The blocks were sectioned at 31 ym. Sections every 0.25 mm (1 in 8) were reacted for HRP using a modification of the tetramethyl benzidine method (Mesulam, 1978) in which the incubation and reaction were carried out at pH 6.0, as suggested to us by C. Shatz. Sections were lightly counterstained with neutral red before scanning for labeled cells with brightfield microscopy. Two other series of sections at 0.25mm spacing were stored in buffered 4% formaldehyde for 2 to 12 weeks and then processed for autoradiography (Cowan et al., 1972) and fiber degeneration (Wiitanen, 1969) . Autoradiographic sections were exposed for 3 to 6 weeks. A final series of sections was stained for myelin (Gallyas, 1979) and was used to determine the borders of MT (Van Essen et al., 1981) . All histological data were scored on X 8 photographic enlargements of the individual sections and subsequently transferred to two-dimensional maps of the cortex for analysis .
The survival time and fixation procedures for these experiments were chosen to optimize conditions for autoradiography and degeneration staining and to allow time for transport to the opposite hemisphere before the callosum was cut. These conditions were certainly less than ideal for HRP reactivity, however, and there were fewer HRP-labeled cells than we have seen for smaller injections in other experiments with shorter survival times and different fixation procedures (unpublished results). Nonetheless, a reasonable degree of retrograde labeling was seen in many different regions, and we are confident that the HRP injections were adequate for identifying the major cortical inputs to MT.
Results
Location of injection sites. The locations of the three [3H]proline injections in MT are shown in photomicrographs of sections in Figure 1 . Those for injections 1 and 2 were cut in the parasagittal plane, and that of injection 3 was cut horizontally. Each section is within 0.5 mm of the center of the injection. The borders of MT could be determined to an accuracy of about 1 mm on nearby sections stained for myelin; the range of uncertainty for the location of each border is indicated by a black line below the cortex in the photographs of Figure 1 .
Injections 1 and 2 were centered near layer IV and were restricted to the gray matter of MT, there being no Figure 1 . Photomicrographs of the [3H]proline injections of MT. These sections were taken from within 0.5 mm of the center of each injection, processed for autoradiography, counterstained for Nissl substance, and photographed under brightfield illumination. The plane of section for injections 1 and 2 was parasagittal, that for injection 3 was horizontal. The black lines below the cortex indicate the range of uncertainty in assigning the borders of MT on nearby sections stained for myelin. Injection 3 was centered in white matter below MT but extended well into the infragranular layers. The HRP data from this injection were discounted. The sections for injections 1 and 2 were exposed for 3 weeks, that for injection 3 was exposed for 6 weeks. Survival time after the injection was 10 days for injection 1 and 9 days for the others. significant leakage of tracers along the syringe tracks. Injection 3 was centered in white matter below MT, but it extended well into the infragranular layers. Unlike the others, this injection resulted in HRP-labeled cells over most of the prelunate gyrus, presumably as a result of uptake by damaged axons in the white matter around the injection site (Grob et al., 1982) . For this reason the HRP data for this animal were discounted. Fortunately, the autoradiography showed a more restricted distribution of transported label. This indicates that substantial proline uptake did not occur in white matter, just as has been found in control experiments under comparable conditions in our laboratory (unpublished results). For the two successful HRP cases, the apparent size of the injection site was about 1 to 1.5 mm in diameter, slightly smaller than for the [3H]proline injections. Even though our processing for HRP reactivity was less than optimal (see "Materials and Methods"), it is very unlikely that we substantially underestimated the effective size of the HRP injection, because the distribution of retrogradely labeled cells was slightly more restricted than that for anterograde transport (see Figs. 3 and 4, below) . Figure 2A contains two-dimensional maps of MT in which the locations and approximate sizes of the [3H] proline injection sites have been marked. These maps include only cortex in and immediately surrounding MT; they were made by aligning adjacent contours of layer IV taken from histological sections (Van Essen and . The representation is as though one were looking at part of the superior temporal sulcus after it had been opened by unfolding.
The dashed line in Figure 2A denotes the fundus of the sulcus, and the posterior bank is to the left. The borders of MT are marked by drawing smooth lines approximately midway through the regions of uncertainty for the borders on each section. All of the injections were in the dorsal half of MT, where the more peripheral parts of the visual field are represented (Van Essen et al., 1981) .
The receptive fields of cells at or near each of the injection sites are drawn in Figure 2B . The receptive fields for injections 1 and 2 were plotted at the time of the injections using a syringe which had been modified for multi-unit recording. Both injections were in the representation of the inferior quadrant: injection 1 was at an eccentricity of 6 to 7" and close to the representation of the vertical meridian; injection 2 was more peripheral (35" eccentricity) and away from both the horizontal and vertical meridians. Recordings were not made at the time of injection 3, but the approximate location can be confidently assigned to the region of the horizontal meridian representation at about 10" to 15" eccentricity, based on previous recordings made in the vicinity of the injection site (see figure legend) and also on the distribution of projections to Vl and V2 (see below). It is evident that, within MT, receptive field locations are poorly correlated with the positions of injection sites. Vol. 3, No. 12, Dec. 1983 This is consistent with the irregular topography and individual variability previously found in MT (Van Essen et al., 1981) .
Cortical connections Assignment of cortical connections. All three experiments revealed an extensive, complex pattern of connections with at least six cortical areas, and one of the injections indicated that there are connections with one or two additional areas. Most of these connections can be assigned with confidence to specific visual areas. This section will deal with the identification of the cortical areas with which MT is connected and with the laminar distribution of these connections. A subsequent section will address the topographic order of these connections, the uniformity or patchiness of label distribution in different areas, and the intrinsic connections of MT.
The distribution of connections in relation to established visual areas is best appreciated by considering one A 4mm -5o" O0 50" Figure 2 . A, Two-dimensional maps of the injections. The location and size of the injections are shown in two-dimensional maps of the cortex in and around MT in the superior temporal sulcus. The perspective is as if one is looking down on the cortex after the sulcus has been unfolded. The dashed line is the fundus of the sulcus, and the posterior bank is to its left. The border of MT is drawn as a solid line. Each injection was confined to the cortex within MT and involved a small fraction of its total area. B, The locations of the receptive fields of cells at or near the injection sites. The receptive fields for injections 1 and 2 were plotted at the time of the injection using a syringe modified for recording. Although no recording was made at the time of injection 3, the position of the receptive field representation at this site can be assigned with confidence based on prior recordings (four penetrations within 2 mm of the injection site) and on the location of label in visual areas with well defined topographies. case in detail. The complete pattern of cortical connections for injection 1 is shown on separate copies of a twodimensional cortical map in Figure 3A ( [3H]proline) and Figure 3B (HRP). The mapping unfolds the convoluted visual cortex into a flat sheet with relatively little area1 distortion . The obvious advantage of this type of representation is that in a single view one can see the entire pattern of projections, as well as the size, shape, and local relationships of labeled regions, whereas these features are difficult to discern from the locations of labeled zones on a series of sections. The map is similar to those in Figure 2 , except that the representation is expanded to include all of the visual cortex. More anterior regions of the cortex are represented mainly to the right, and dorsal and ventral regions are on upper and lower parts of the map, respectively. All of the striate cortex is represented by the elliptical region on the left; it has been separated from extrastriate cortex by a discontinuity along its margins, introduced to reduce distortions. A dashed line in Figure  3 marks the fundus of each sulcus. MT, whose borders have been outlined, lies roughly in the center of the extrastriate portion of the map, near the fundus of the superior temporal sulcus. In Figure 3A anterogradely transported label is indicated by hatching, and in Figure  3B , the locations of HRP-labeled cells are marked with dots.
The connections revealed by this injection were mostly in the dorsal part of the hemisphere (upper portion of the cortical map). This is not surprising, given that the injection was within the representation of the inferior quadrant, and that inferior fields are represented predominantly in the dorsal part of the occipital lobe. Connections with many distinct regions can be seen for both the HRP and the proline injections. The patterns for the two tracers are remarkably similar, and for convenience, corresponding connections have been numbered in identical fashion. The correspondence of anterograde and retrograde transport implies that the cortical pathways to and from MT are reciprocal not only in terms of which areas are connected, but also in the fine patterns within individual areas. The only substantial difference is that no retrodradely labeled cells are visible in some of the regions with weak anterograde label. As already noted, this is most likely attributable to the greater effectiveness of the ["Hlproline injections under the particular conditions of these experiments.
The connections with VI and V2 can be identified easily on the basis of their relationship to sharp architectonic transition at the VI/V2 border. Except for Vl and MT, through, cortical architectonics has been of limited use for identifying visual areas in the occipital lobe, and it was important to have additional criteria for the location of particular areas. The principal marker we used was the pattern of callosal inputs, which are preferentially distributed along regions of vertical meridian representation and which provide a useful guide for determining the borders of a number of topographically organized visual areas, including V3, VP, V3A, and V4 (Van Essen and Zeki, 1978; Van Essen et al., 1982 Figure 3 . Open spaces around the injection sites indicate a "halo" of diffusion within which transport could not be scored. HRP data are not available for injection 3. This injection, unlike the other two, resulted in two patches of label in ventral cortex (zones 7 and 8).
eration after transection of the splenium of the corpus callosum. The pattern for this hemisphere is similar to that seen previously and is shown by stippling in Figure 3C . Regions labeled by the HRP or proline injections are marked in solid black. Figure 30 is a map of the same hemisphere on which the borders of visual areas have been marked, based mainly on the relationship with the callosal connections. Figure 30 also shows the approximate topographic representation expected in selected visual areas (Van Essen and Zeki, 1978; Newsome et al., 1980; Van Essen et al., 1981 , D. C. Van Essen, J. H. R. Maunsell, and W. T. Newsome, submitted for publication).
There are 10 distinct areas, most of which have been shown to contain topographic representations of part or all of the contralateral visual hemifield. The fovea1 representation for most of these areas is near the center of the map (lateral cortex), with inferior fields dorsal and superior fields generally ventral (V3A and MT are exceptions). Several areas lack obvious topographic organization, including two, the medial superior temporal (MST) and ventral intraparietal (VIP) areas, which were not previously recognized and which have been identified in large part on the basis of results of the present study (see below).
The visual areas associated with each of the connections of MT are indicated by the labels in Figure 3C . In some regions the pattern of labeling is distinctly patchy, with distances of up to several millimeters between patches. The borders of some areas, such as V2 and V4, are sufficiently well defined to allow confidence that these are multiple patches within a single visual area rather than connections with distinct areas. Other patchy projections, such as those to MST and VIP, are considered unitary for reasons explained below.
Similar results were obtained from the other two injections. Figure 4 shows cortical maps for injection 2 and injection 3. As with injection 1, the distribution of label was extensive and complex, but it was possible to identify many connections corresponding to those found in the preceding example. Hence, labeled regions were numbered according to the same scheme. HRP data were not available for injection 3, but for injection 2 the anterograde labeling (Fig. 4 , hatching) and retrograde labeling (Fig. 4, stippling) were as clearly superimposed as in the case of injection 1. Injection 3, which was at the representation of the horizontal meridian, resulted in two patches of label ventrally, numbered 7 and 8, which were not seen in the other cases. Figure 5 shows the pattern of callosal inputs (stippling) for all three hemispheres along with the labeled regions associated with each injection (black) and, whenever possible, the assignment of these regions to particular visual areas.
Given the extensive connectivity between MT and other regions of cortex, there is great value in identifying patterns that clarify the relationships within the overall network. One of the striking features of our results was that there are systematic differences in the laminar organization of connections between MT and other areas. The differences are like those which have been reported for many other reciprocal pathways-namely, in one direction a projection originates primarily from superficial layers and terminates mainly in layer IV, whereas the projection in the other direction originates in substantial part from infragranular layers and terminates mainly outside layer IV. In all instances in which a clear polarity can be inferred on other grounds, the first pattern is associated with forward projections (leading away from primary sensory cortex), and the second is associated with feedback (Tigges et al., 1977 (Tigges et al., , 1981 Jones and Wise, 1977; Kaas et al., 1977; Rockland and Pandya, 1979) . This correlation fits well with the present Stippling marks the location of callosal input in each map. The three patterns are similar. Transported label is marked in solid black. By using the pattern of callosal inputs, most of the label can be assigned to specific visual areas. The labeled zone which has not been assigned to specific visual areas is numbered as in previous figures. results for MT, and it suggests an anatomical basis for assigning visual areas to well defined positions in an overall cortical hierarchy, as will be considered fully under "Discussion." We will use the terms forward and feedback in a provisional sense below, since they provide a convenient framework for a detailed description of connectivity patterns. Table I shows the cortical layers giving rise to the projections to MT and those layers in which projections from MT terminate. For each area, the layers are listed in descending order of involvement. The laminar distributions of label within each area were consistent among the three injections. Figure 6 illustrates the distribution of anterogradely transported label in different visual areas after ["Hlproline injections of MT. The complete pattern was not always obvious on individual sections, as the cortex was often sectioned obliquely; accordingly, a series of sections through each labeled region was examined to determine all of the layers involved. Based on the criteria described above, it is possible to classify the areas connected with MT into a group of five which send forward projections to MT, a pair of areas which receive forward projections from MT, and a single area, V4, which does not fit cleanly into either class, and which we have placed in an intermediate position (see below). We will consider each group of areas separately. Most of the outputs of MT that we identified have also been reported in an anterograde tracer study by Ungerleider et al. (1982) . There are a few differences in results or interpretation, though, which will be mentioned in connection with the individual pathways as they are presented below.
Areas with forward projections to MT: VI, V2, V3, VP and connection 8. It is known from previous studies that Vl and MT in the macaque are reciprocally connected and that the projection from Vl to MT arises from layer IVb and, to a much lesser extent, layer VI (Zeki, 1969; Lund et al., 1976; Weller and Kaas, 1978; Wong-Riley, 1979 ). The present experiments confirm these observations and, in addition, show that the projection from MT back to Vl terminates in precisely those layers from which the projection to MT originates, namely layers IVb and VI (Fig. 6 , Table I ). More than 90% (52 of 56) of the retrogradely labled cells in Vl were in layer IVb; the remaining four labeled cells were large cells in the upper part of layer VI. The reciprocal pathway from MT to Vl was weak, and it was necessary to expose the autoradiography sections for 6 weeks to see the projection to layer VI at all. No projection was seen to layer I in Vl.
It has previously been shown that V2 projects to MT (Zeki, 1971) . It was also suggested in the same report that V3 projects to MT, but the existence of this pathway was less convincing due to uncertainties in determining the location of V3. We have found that both areas indeed do have a major projection to MT. The identification of the V3 projection in our material appears unambiguous because of its precise relationship to the pattern of callosal inputs, with V3 situated immediately posterior and medial to the major callosal-recipient strip that runs Vol. 3, No. 12, Dec. 1983 between the lunate and the parieto-occipital sulci (Van Essen and Zeki, 1978) . The projections arise mainly from layer III, but a few were also seen in the lower half of layer II (Table I) . No labeled cells were found in the infragranular layers of either area (0 of 159 in V2, 0 of 89 in V3), indicating that the projection was forwardgoing to MT. The number of retrogradely labeled cells was largest in V2, with only a third to half as many in Vl and V3. This suggests that all three areas play a major role in providing visual inputs to MT, with V2 probably the most important. The reciprocal pathways, from MT to V2 and V3, were similar for both areas, with the laminar distribution of anterograde label indicative of a feedback projection. The density of label was greatest in layers I and VI, with less in layers II, V, and III ( Fig.  6 ). Virtually no label was seen in layer IV. The laminar distribution of anterogradely transported label in V2 and V3 was the same for all three injections, even though injection 3 involved principally the deep layers of MT ( Fig. 1 ). The distribution of anterograde label in both of these areas was patchy, as will be discussed further in another section.
Although all three injections revealed connections with V2 and V3 dorsally, only injection 3 produced label in ventral extrastriate cortex. One focus of label was at the border between VP and ventral V2, each of which con- tains a representation of the superior visual quadrant. As mentioned above, this additional label is attributable to the injection site being centered on the horizontal meridian and extending into both the superior and inferior field representations.
At its closest, the label was only about 1 mm from the center of the callosal-recipient strip which marks the anterior border of VP . At its farthest, the label was about 5 mm from the center of the callosal-recipient strip. This projection is likely to include both V2 and VP, since VP is several millimeters wide based on physiological and anatomical estimates of the separation between horizontal and vertical meridian representations . However, there may be substantial variability in the width of VP; thus, this interpretation is not conclusive. The autoradiographic label at the V2/VP border was found principally in layers VI and I, with some spread into layer V. Since the HRP injection was not successful, we could not ascertain whether the connection with MT was reciprocal in this animal, but recent experiments from this laboratory indicate that VP indeed has a forward projection to MT (A. Burkhalter and D. C. Van Essen, unpublished results).
Injection 3 also labeled cortex in a second region of ventral extrastriate cortex (connection 8, Fig. 5 ). This label was within a callosal-free zone which is a regular feature in the pattern of callosal degeneration.
It is unclear whether this region is part of V4 or whether it consists of one or more distinct visual areas . Because of this uncertainty, we will refer to it simply as connection 8 of MT. The laminar distribution of radioactive label differed from other feedback projections from MT in that there was little involvement of the superficial layers; most of the label was in layer VI, with some spread into layer V. This distribution is different from that in V4 of the same hemisphere (see below), providing some support for the notion that connection 8 does involve cortex that is distinct from V4.
Forward projections from MT to areas MST and VIP. Two cortical areas were classified as receiving forward projections from MT and returning feedback projections to it. A major projection from MT is to a region immediately medial to it, along the fundus of the superior temporal sulcus and in places extending several millimeters onto the anterior bank. This region is known to contain a high percentage of direction-selective neurons with receptive fields much larger on average than those in MT (Newsome and Wurtz, 1981; Van Essen et al., 1981) . In addition, this region has been shown to project to area 7a, or PG (Mesulam et al., 1977) , and to the frontal eye fields (Barbas and Mesulam, 1981) . In one of our injections the projections medial to MT terminated in discrete patches up to 6 mm apart, but in the other two cases the labeling was continuous, or nearly so. Patchiness of the labeling pattern has also been reported in the same region for some, but not all cases in the aforementioned studies on parietal and frontal lobe connections. Since distinct foci are not a consistent feature of either the input or the outputs of the region medial to MT, there does not appear to be sufficient justification for subdividing it into multiple areas. We therefore consider MT-recipient cortex medial to MT to be a single area, which we have designated the medial superior temporal visual area (MST). Autoradiographic label in MST was found primarily in layer IV with less in layers II and III, and still less in layers V and VI, indicative of a forward projection. HRP-labeled cells were mainly in deep layers (69 of loo), indicative of feedback.
Another target of MT was a region of cortex in and near the fundus of the intraparietal sulcus. There is also a projection to what appears to be the same region from ventral V2 (our unpublished observations). On the basis of these connections, as well as its pattern of callosal inputs, this region can be distinguished from areas V3 and V3A, which lie posterior to it (Van Essen and Zeki, 1978) , from POa, which lies dorsal to it in the lateral bank of the intraparietal sulcus (Seltzer and Pandya, 1980) , and from PEa, an architectonic subdivision on the medial bank of the intraparietal sulcus (Pandya and Seltzer, 1982) . Although little else is known about this region, these features appear sufficiently distinctive to regard it as a separate cortical area, and we have designated it the ventral intraparietal area (VIP). The laminar distribution of label in VIP was of the forward pattern, similar to that in MST, the only difference being that VIP had virtually no anterograde label in layers V and VI (Fig. 6) . Only a few retrogradely labeled cells were found in VIP, but most of them (5 of 8) were in deep layers, suggesting a feedback pattern. Ungerleider et al. (1982) reported two distinct projections of MT to the cortex in the intraparietal sulcus. The more anterior of their projections corresponds well with the projection we found to VIP. However, we did not find an additional projection zone posterior to VIP in the intraparietal cortex, except in the case of injection 2, where the projection to V3 was at the juncture of the intraparietal and parieto-occipital sulci. The reason for this apparent discrepancy is unclear.
The connection of MT with V4. Each of the three MT injections led to transported label in the region designated as connection 4 in Figures 3 and 4 . For injection 1, the label was concentrated on the anterior bank of the lunate sulcus, directly posterior to MT and extending from near the fundus of the sulcus out onto the prelunate gyrus. Most of the labeled patches were within the broad strip of callosal-recipient cortex which runs through this part of the lunate sulcus and which itself is contained mainly within V4 (Van Essen and Zeki, 1978; Zeki, 1978; Van Essen et al., 1982) . For injections 2 and 3, the connection 4 label was less intense and was located on the pre-lunate gyrus and in the superior temporal sulcus dorsal and lateral to MT. Once again, the relationship to the pattern of callosal inputs suggested that most or all of the label was within V4. The assignment for these two injections should be regarded as provisional, however, because there are major uncertainties concerning the full extent of V4 (see Van Essen et al., 1982) .
The pathway between MT and V4 was the only one which did not fit cleanly into the pattern of a forward laminar distribution in one direction and a feedback distribution in the other. In one direction, from V4 to MT, the pattern seemed straightforward and indicative of a forward projection from V4 to MT. The labeled cells in V4 following both of the successful HRP injections were nearly all supragranular (53 of Xi), mainly in layer III, but with a few in the lower half of layer II. However, in the reverse direction, two different laminar distribution patterns were seen in the anterograde transport to V4, as indicated in Table I and Figure 6 . For each injection, some of the patches of anterograde label in V4 had a feedback distribution, with most label in the superficial and deep layers, whereas other patches were in the form of radial columns, with relatively uniform labeling of all layers. Following injection 1 the most heavily labeled patch, near the fundus in the anterior bank of the lunate sulcus, had a feedback distribution, but the other patches further dorsal in the anterior bank were columnar in appearance. Similarly, for injection 3, the most dorsal patch in V4, also the most heavily labeled, had a feedback distribution, while the remaining patches were columnar.
The regional differences in laminar distribution are consistent with other lines of evidence for heterogeneity within V4 (Zeki, 1971 (Zeki, , 1977 Van Essen and Zeki, 1978; Schein et al., 1982) . Resolving whether the different laminar patterns occur in functionally distinct subdivisions of V4 will obviously require more extensive investigation. In the meantime, we will tentatively consider the relationship between MT and V4 as intermediate in type (see "Discussion").
Topographic relationships and patchiness of intrinsic, extrinsic, and contralateral connections. The connections of MT vary not only in the laminar distribution of label, but also in size (both in absolute extent and relative to the overall size of an area) and in the degree of patchiness resulting from focal injections. This brings up several interesting issues in relation to topographic order among the connections.
One would expect a priori that any given site within MT would have its strongest connections with topographically corresponding portions of other visual areas. Since we knew the location and size of receptive fields for the injection sites in MT, it was possible to make useful comparisons with the location and extent of the connections with other areas. The labeled pathways to and from all visual areas known to be topographically organized (Vl, V2, V3, and VP) were found to connect portions of these areas containing the representation of the same part of the visual field as that at the injection. The orderliness of these connections can be seen in Figure 5 . In Vl, increasing eccentricity at the injection site (injection 1 < injection 3 < injection 2) was coupled with label progressively further from the fovea1 representation (at the right), each case corresponding well with the expected representation of its eccentricity in Vl (Daniel and Whitteridge, 1961 ; D. C. Van Essen, J. H. R. Maunsell, and W. T. Newsome, submitted for publication).
Also, injections at sites further from the vertical meridian resulted in label further from the dorsal border of Vl, where the vertical meridian is represented. It is worth noting that neither of these relationships would have been clearly discernible if we had been forced to rely on a standardized map of visual topography in MT, rather than on recording data from each animal.
Similar orderliness existed in the connections with V2, V3, and VP. Injection 3 resulted in label further from the fovea1 representation than injection 1, and that from injection 2 was further still. Injection 1 was near the representation of the vertical meridian and resulted in label at the posterior (left) border of V2 and the anterior (right) border of V3, where the vertical meridian is found in each area. For injection 2, further from the vertical meridian, the label in V2 and V3 was closer to their common border at the representation of the horizontal meridian. Finally, injection 3, which included the representation of the horizontal meridian and superior fields, resulted in label in the expected locations at the V2/V3 border dorsally and the V2/VP border ventrally.
It is naturally of interest to know whether this set of injections provides evidence for topographic order in other, less well characterized visual areas. One area whose connections did suggest some topographic order was V4. The label from injection 1, closest to the vertical meridian, was almost entirely within the callosal-recipient portion of V4, whereas that from injection 3, along the horizontal meridian representation, extended well into the callosal-free portion of presumed V4. The injection closest to the fovea1 representation (injection 1) produced label mainly within the lunate sulcus portion of V4, whereas the more peripheral injections (2 and 3) produced label closer to MT, on the pre-lunate gyrus and in the dorsal-lateral part of the superior temporal sulcus. Together, these injections suggest a crude topographic organization in which the inferior vertical meridian is represented in callosal-recipient cortex along the dorsal margin of V4, with the fovea posteroventral (down and to the left on the map) and the periphery anterodorsal (up and to the right on the map). It is not clear from our results or from previous studies whether superior fields are represented anywhere within V4.
Only injection 3 labeled ventral cortex in the callosalfree zone anterior to VP (connection 8). This observation, coupled with the relationship of the labeled region relative to callosal-recipient cortex, leads to a plausible suggestion for the topographic organization of cortex in the vicinity of connection 8. The absence of projections from the other two MT injections indicates that the inferior quadrant is not represented in this region. Injection 3 demonstrates that the horizontal meridian is represented approximately midway across the callosal-free zone, and it is likely that the superior vertical meridian is represented along the callosal-recipient strips anterior as well as posterior to this zone. These observations suggest that there is a dual representation of the superior quadrant in this region, with a topographic organization analogous to that already described for VP and ventral V2, the two areas occupying the callosal-free region posterior to connection 8 . The projections to MST and VIP were to somewhat different locations in each case, but there is no obvious topographic organization suggested by the results. Given the very large size of receptive fields in MST (Van Essen et al., 1981) , it is possible that topographic organization has been largely or entirely eroded by this stage of processing. Alternatively, these areas may have a crude topographic organization that is obscured by a high degree of individual variability or by connections which are not restricted to corresponding portions of the visual representation.
The extent of label differed in the various visual areas in a manner consistent with the different magnification factors of their visual field representations.
Although the injections in MT were reasonably focal (<2 mm diameter), retrograde and anterograde label in Vl occurred over a fairly large region, 22 to 70 mm2 in surface area. The labeled region was roughly circular in one case and somewhat elongated in the other two. Based on the known magnification factors in Vl (Daniel and Whitteridge 1961) , the extent of label in Vl corresponds to 2702, 430°2, and 50°2 for injections 1, 2, and 3, respectively. This can be compared to the receptive field sizes recorded at the injection sites in MT of 20°2, 340°2, and 60°2 (Fig.  2B) . The agreement is quite good, given that there is significant individual variability in magnification factors in Vl (D. C. Van Essen, J. H. R. Maunsell, and W. T. Newsome, submitted for publication). Thus, the direct inputs from Vl are extensive enough to account for the main excitatory drive to MT neurons.
The tracer injections also revealed extensive connections within MT. These intrinsic connections were widespread enough to involve a much larger portion of the visual field than that occupied by receptive fields at the injection site. The distribution of label was different in each case, perhaps as a result of differences in the particular layers injected. Injection 1 resulted in a conspicuous patch of retrograde and anterograde label near the ventral tip of MT, separated from the injection site by a region with very little label (Fig. 3) . The heavily labeled patch was clearly within the architectonic border of MT. There is heavy labeling of layer VI and lighter labeling of superficial layers extendng a long distance from the injection. B, A nearby section which was stained for myelin and which was used to find the borders of MT. White bars below the cortex indicate the range of uncertainty in the position of each border on this section. The transition in myelination is visible for the lateral (upper) border, but on this section the medial border is not obvious at this magnification.
White bars have been drawn on the section A to indicate the corresponding positions. The label in layer VI extends beyond the lateral border of MT. On other sections both the superficial and deep label crossed this border. Vol. 3, No. 12, Dec. 1983 The anterograde label was distributed through all cortical layers whereas the retrogradely labeled cells were mainly in layer III (20 of 23), with a few cells (3 of 23) in layer V. A similar intrinsic connection was seen in one case by Wall et al. (1982) following an injection of MT in the bushbaby.
Neither of the other two injections resulted in a discrete patch of label within MT. Injection 2 was surrounded by retrograde and anterograde label whose density decreased steadily with distance, and which was not obviously concentrated in any layer, making it difficult to distinguish the relative contributions of diffusion versus local transport. However, injection 3 had a different and striking pattern of intrinsic connections. This injection was centered in the white matter directly below MT and involved mainly the deep layers. The distribution of anterograde label is shown in the darkfield photomicrograph of Figure 7A . Figure 7B is a photomicrograph at the same magnification of a nearby section which was stained for myelin. The borders of MT can be seen in this section, and the range of uncertainty in their positions is indicated by white lines below the cortex. Layer VI is brightly labeled throughout the width of MT, and the label clearly extends beyond the lateral border. The labeled strip terminates in discrete columns extending continuously into the superficial layers. This pattern of labeling was seen for a dorsoventral extent of 4 mm around the injection site. One explanation for the particularly extensive labeling within layer VI in this case is that the injection involved mainly the infragranular layers. Widespread intralaminar labeling has also been seen following injections in somatosensory cortex (Jones et al., 1978) .
The corpus callosum was not cut until several days after the injections were made, allowing time for transport of label to the contralateral hemisphere. Only injection 1 resulted in label in the contralateral hemisphere. Faint radioactive label was seen in the opposite MT and MST, but no HRP-labeled cells were found. A reciprocal projection presumably exists but was not detected due to the consistently lower degree of retrograde labeling in these experiments. The laminar distribution of label in the contralateral MST was the same as that in the ipsilateral MST, namely, densest in layers IV and III. The contralateral MT had a single patch of label extending the full thickness of the cortex, with no obvious concentration in any particular layer. The labeling in the superior temporal sulcus of the contralateral (left) hemisphere following injection 1 is illustrated on a cortical map in Figure 8A . This map has been transposed so that it has the same configuration as the map of the injection site in the right hemisphere, shown in Figure BB, i.e., with the fundus of the sulcus to the right of MT in both cases. The label in the contralateral MT was near its center, in a position roughly similar to that of the injection site in the other hemisphere, and the label in the contralateral MST was in a position corresponding to one of the labeled patches in the ipsilateral MST.
The occurrence of a projection from near the middle of MT in one hemisphere to the middle of MT in the opposite hemisphere raises the possibility that the pathway interconnects mirror-image portions of the visual A \\ -4mm LEFT RIGHT HEMISPHERE HEMISPHERE Figure 8 . Contralateral transport of label following injection 1. A, A two-dimensional map of MT in the hemisphere contralateral to the injection. The map has been transposed so that it has the same orientation as maps of the other hemisphere. The border of MT is marked with a solid line, and the location of transported label is shown with hatching. Dots indicate sites at which receptive fields were plotted in a physiological recording session. B, The location of the injection site and nearby transport of label for injection 1. The dashed line indicates the extent of spread of label from the injection site. The injection site and one of the patches of label in MST (to the right of the top of MT) occupy positions corresponding to the location of label in the contralateral hemisphere (A). C, The locations of receptive fields for cells near the injection site and in the contralateral MT. The receptive field plotted at the time of the injection is crosshatched in the left visual hemifield. Its mirror image across the vertical meridian is hatched in the right hemifield. The receptive fields recorded at points 1 and 2 in the MT contralateral to the injection are also drawn. Since recording site 1, but not 2, was associated with transported label, the contralateral pathway is likely to link representations of similar parts of the visual field near the vertical meridian. Because receptive fields were plotted as rectangles, the left corner of the field plotted at site 1 may be drawn slightly further into the left hemifield than the actual response extended. On the other hand, the corpus callosum was cut before fields 1 and 2 were plotted, and it is possible that the receptive field at site 1 originally extended even further into the left hemifield.
field. However, it is difficult to draw conclusions from these anatomical results alone, because of the known disorderliness in the topographic organization of MT. The receptive field at the injection site had been determined at the time of the injection, and a separate physiology session was carried out in this animal with the aim of mapping visual topography in the contralateral hemisphere. Receptive field plots were obtained at 33 recording sites, indicated by dots in Figure 8A . The receptive field recorded at the time of injection is drawn cross-hatched in the left hemifield in Figure BC , its mirror image across the vertical meridian is hatched in the right hemifield. Two of the recording sites in the uninjected hemisphere were right at the margin of the patch of transported label. Their receptive fields, as shown in Figure 8C for the site labeled 1, were near the inferior vertical meridian. Of all the recordings from this hemisphere, these fields were closest to the receptive field of the contralateral injection site. In contrast, many of the recording sites (15 of 33) had receptive fields which partially overlapped the mirror image of the injection receptive field, and many of these sites were far from the transported label. The recording site labeled 2 in Figure  8A and its receptive field in Figure 8C are an example of these. These results are consistent with the notion that the interhemispheric connections of MT preferentially link regions representing nearby parts of the visual field. It may also be significant that there was no detectable transport to the opposite hemisphere from the other two injections, which involved representations well away from the vertical meridian. This evidence against the mirror-image hypothesis is not decisive, however.
The label within individual cortical visual areas was often distributed in patches, but the degree of patchiness varied from one area to the next. The two extremes were Vl, in which the label was almost uniformly distributed, and V2, in which small, intensely labeled patches were separated by wide regions with little or no label. Figure  9 shows this contrast in a darkfield photomicrograph of anterograde transport in a section from the hemisphere of injection 1. The arrow on the left points to faint, evenly distributed label in layer IVb of Vl. The arrows on the right indicate two widely separated patches of label in V2. A similar pattern of patchiness in V2, but not in Vl, was found for the retrogradely labeled cells in the same experiment. This is indicated on two-dimensional maps of the relevant portions of V2 and Vl in Figure 10 . The labeled cells in V2 were found in five distinct patches, which together covered roughly the same extent as that which was uniformly labeled in Vl. For the other two injections, the patchiness in V2 was not as striking. Pronounced patches were also seen in V4, particularly in the case of injection 1. Less dramatic patches were present in all of the remaining ipsilateral connections (Fig. 5) . The functional significance of these patterns will be considered under "Discussion."
Subcortical connections
Descending projections were seen to eight ipsilateral subcortical centers. No contralateral subcortical projections were identified, and only one pathway, that to the pulvinar, had detectable reciprocal connections with MT. The apparent lack of inputs from various other subcortical structures which project to MT in other species (Spatz, 1975; Tigges et al., 1982 ) is almost certainly a reflection of the suboptimal conditions for HRP labeling in our experiments.
Claustrum and basal ganglia. Projections were seen to the claustrum, caudate nucleus, and putamen. The strongest of these was to the claustrum. Label was found in several small patches (0.5 to 1 mm diameter) which were distributed over about 5 mm along its posterior margin. The location of this label for injection 3 is diagrammed in Figure 11B .
Patches of similar size, but less intensely labeled, were found over about a 7-mm extent in the tail of the caudate nucleus. A section from the hemisphere of injection 3 which had label in the caudate is outlined in Figure 1lA . Weak label was seen in the posterior part of the putamen (Fig. 11B ). This label extended over about 1.5 mm and was not divided into obvious patches.
Thalamus. All injections demonstrated anterograde projections from MT to the pulvinar complex, the pregeniculate nucleus, and the thalamic reticular nucleus. By far, the densest thalamic label was in the pulvinar complex. We were particularly interested in ascertaining whether MT connections are restricted to a single, small subdivision of the pulvinar complex, as Lin and Kaas (1980) demonstrated for the owl monkey and Standage and Benevento (1983) recently reported for the macaque. The region described by Standage and Benevento (1983) is a narrow, crescent-shaped zone, approximately 5 mm long (dorsoventrally) and 1 to 2 mm wide (mediolaterally), which crosses the brachium of the superior colliculus and is restricted to the medial portions of the Vol. 3, No. 12, Dec. 1983 Figure 10. Two-dimensional maps of the distribution of HRP-labeled cells in Vl and V2 after injection 1. The label in Vl is evenly distributed over a large region. The label in V2 is found in five discrete patches, which collectively cover about the same extent as the label in Vl.
inferior and lateral pulvinar. We found anterograde and retrograde label in roughly the same region of the pulvinar, but extending over a considerably greater mediolateral extent. Figure 12 shows darkfield photomicrographs of autoradiographic sections from two of the experimental hemispheres. In Figure 12A (injection 1, parasagittal section), two major patches of label are evident in a strip extending from the inferior pulvinar (PI), across the bracium of the superior colliculus (BrSC), and into a portion of the lateral pulvinar (PL) just dorsal to the PI. Reconstruction of the entire labeled region from this hemisphere indicated that its overall dimensions were approximately 5 mm dorsoventrally, 3.5 mm mediolaterally, and 2.5 mm anteroposteriorly.
In Figure 12B (injection 3, horizontal section), most of the label is in two patches within the inferior pulvinar, at the juncture with the brachium of the superior colliculus. At this level, the lateral pulvinar contains only a faint patch of label (Fig. 12B , wide white arrow) posterior and lateral to the PI. Examination of sections dorsal to the one illustrated revealed more extensive label continuous with this patch in the PL, and also showing continuity with the label in the PI. Again, the full extent of the labeled zone was greater in both the mediolateral (5 mm) and the dorsoventral (5 mm) extent than along the anteroposterior axis (4 mm). In the remaining case (injection 2, not illustrated), there was once again patchy labeling within a region extending from the PI to the PL. The labeled region was slightly more medial than in the other cases and more elongated dorsoventrally (5.5 mm) than medio laterally (2.5 mm) or anteroposteriorly (3 mm). Altogether, these results indicate that MT is connected with a large portion of the inferior pulvinar complex, which itself is a somewhat irregularly shaped region no more than 5 mm in extent along any axis. The only part of the PI not labeled in our experiments was its ventroposterior portion. However, this region is known to represent superior visual fields (Benevento and Rezak, 1976; Bender, 1981) , and our injections were confined to the representation of lower fields and the horizontal meridian in MT. Our results are thus consistent with the possibility that MT has connections with the entire PI. Moreover, the label we found in the PL was restricted to approximately that portion which, along with the PI, makes up a single representation-the "inferior map" to the claustrum and putamen. Several small patches of anterogradely transported label were found in the claustrum (Cl) for about 5 mm along its posterior margin. There was very faint radioactive label in the putamen (Pt) close to its posterior limit at this level. There was also label in several cortical visual areas at this level. (Bender, 1981) . We did not find the labeled regions in the pulvinar complex to be elongated along the rostrocaudal axis, however, as would be expected for the lines of projection described by Bender (1981) .
It is difficult to reconcile our results with the suggestion of a narrow MT projection crescent in the pulvinar complex (Standage and Benevento, 1983) . It may be that their use of standardized section outlines for displaying results from all of the injections contributed to an underestimate of the full extent of MT projections. In any event, additional experiments will be needed to resolve these issues definitively.
The thalamic reticular nucleus also receives a projection from MT. Axon terminations were found mainly in the region where this nucleus is pierced by labeled axons heading to the pulvinar complex. This type of labeling has been seen for cortical projections to the reticular nucleus in other primates (Spatz and Tigges, 1973; Lin and Kaas, 1977; Wall et al., 1982) . The third diencephalic target of MT is the caudal subdivision of the pregeniculate nucleus (Olszewski, 1952) , which is the portion lacking a direct retinal input (Hendrickson et al., 1970) . The dorsal lateral geniculate nucleus (dLGN) was carefully examined for label, but none was found in any case.
Mesencephalon and pons. There is a moderate projection from MT to the ipsilateral superior colliculus. Label in the colliculus was confirmed to a single patch about 1.5 mm in diameter and was primarily in the stratum griseum superficiale, which also receives direct input from the retina and other cortical visual areas (see Rodieck, 1979) . The position of the label within the superior colliculus was different in each case and corresponded well with the known topography (Cynader and Berman, 1972) .
MT also sends a strong projection to the ipsilateral pontine nuclei. Radioactive label was seen in a rostrocaudally oriented column about 500 pm in diameter and 4 mm in length. The label was not continuous within this column but was broken into irregular clumps. Labeled cells are also found in clumps in the pontine nuclei following HRP injections of the cerebellum (Brodal, 1982) . Rostrally, the label was in the lateral part of the nucleus peduncularis and, caudally, it was near the border between the nucleus lateralis and the nucleus dorsolateralis (Nyby and Jansen, 1951) . This region of the pontine nuclei is known to receive cortical input primarily from visual cortex (Brodal, 1978) , and it is this same part of the pons that receives a projection from MT in other primates (Spatz and Tigges, 1973; Graham et al., 1979; Wall et al., 1982) . Projections to this portion of the pons have previously been demonstrated by lesions (Glickstein et al., 1980) and [3H]proline injections (Fries, 1981) in the superior temporal sulcus in the macaque which, however, were not clearly restricted to MT. The response properties of visual neurons in this part of the pons of the monkey are not known, but in the cat (Baker et al., 1976) , visually responsive cells in the pons are almost all direction selective and largely unselective for stimulus form, as are the neurons in macaque MT.
Discussion
Hierarchical organization of visual cortex. MT in the macaque has been shown to have a rich set of reciprocal connections with other areas in the visual cortex. On the basis of the laminar distributions of these connections, we have suggested that these areas consist of at least four and perhaps as many six which send forward projections to MT, two which receive forward projections from MT, and one which appears to be intermediate. The general notion that forward and feedback projections can be differentiated on the basis of laminar distributions has been presented in a number of earlier studies (Jones and Wise, 1977; Kaas et al., 1977; Tigges et al., 1977 Tigges et al., , 1981 Rockland and Pandya, 1979; Weller and Kaas, 1981) . We propose here that this notion can be refined into an explicit hypothesis about hierarchical relationships among cortical visual areas in primates. There are three major tenets of this hypothesis. (I) Connections between cortical areas are in general organized in reciprocal fashion. (2) With few exceptions, each reciprocal interconnection can be designated as forward-going in one direction and feedback in the other, based on characteristic differences in the laminar distribution of axonal terminations and cells of origin. We suggest that at least some of the exceptional cases are intermediate in their characteristics and symmetric for the two directions, and that they fit into a category of lateral interconnections.
(3) These anatomical relationships can be used to delineate a well defined hierarchical order among all cortical visual areas.
The first point, that corticocortical connections in the visual system are reciprocal, is the most straightforward to discuss. All cortical projections of visual areas in the macaque are either known to be reciprocal or have not been adequately tested. The same is true of New World monkeys, with the exception that, in the owl monkey, the projection from the medial area (M) to V2 does not appear to be reciprocated (see Weller and Kaas, 1981; Tigges et al., 1981) . In any event, occasional exceptions, even if confirmed using the most sensitive tracer techniques, do not pose a difficulty for the rest of the hypothesis.
The general appearance of the two types of projections under consideration is schematized in Figure 13 . Forward projections, leading away from the primary cortical sensory areas, originate primarily or exclusively in supragranular layers and terminate for the most part in layer IV (specifically, the "granular" layer) and the lower part of layer III. Feedback projections, carrying information back toward the primary sensory areas, also originate to some extent in supragranular layers, but they include a substantial number of neurons, generally an outright majority, in the infragranular layers. Feedback projections terminate in supragranular and infragranular layers, often most densely in layers I and VI, thus avoiding the layers in which forward projections are concentrated.
Given that there is some variability in these laminar patterns, it is important to establish criteria for distinguishing between forward and feedback connections that are explicit enough to avoid ambiguities, yet not so restrictive as to lead to inappropriate assignments. There since layer IVc is the only true granular layer in Vl. In relation to the layer VI component, the key issue is the AAA Y magnitude of the projection relative to that arising from AAA~ ------------------layer IVb. Our results indicate that only about 10% of AA AA _____------------________.
---_-----the MT projection cells in Vl reside in layer VI. Com-IV parably low estimates of the layer VI contribution can -----------------be inferred from the results of Spatz (1977) and Tigges et al. (1981) on New World monkeys. Along the same A lines, occasional deep layer cells have been shown to contribute to the projection from V2 to MT (Tigges et \ J al., 1981) and from Vl to V2 (Tigges et al., 198, our FORWARD unpublished observations). Thus, the proposed scheme would break down altogether if the existence of a low percentage of infragranular projection cells were considered to rule out a forward projection.
Fortunately, though, there is a much larger infragranular contribution to all of the putative feedback pathways under consideration (e.g., from MT to Vl). Quantitative estimates are not available for most of these pathways, but the evidence from the present study as well as from other reports A A (Rockland and Pandya, 1979; Maunsell et al., 1980 ; Tigges et al., 1981) suggests that at least a third and often a majority of the cells contributing to feedback are several difficulties in achieving this, most of which can be illustrated by considering the example of the reciprocal connection between Vl and MT. The projection from Vl to MT differs from the prototypic forward projection in that it originates mainly in layer IVb (rather than layers II and III) and also in layer VI (which supposedly typifies feedback projections). The pathway from MT to Vl differs from the prototypic feedback projection in that it terminates mainly in a subdivision of layer IV, rather than in more superficial or deeper layers. Nonetheless, there are sound reasons for conclud- Figure 14 . The hierarchy of cortical visual areas based on the laminar distributions of projections. Each visual area is ing that the appropriate polarity is indeed forward from Vl to MT and feedback from MT to Vl. In relation to assigned to the level immediately above the highest area from which it receives a forward projection. Rectangles indicate well the layer IVb component, the key point is that this layer established visual areas. This scheme is likely to be modified is more akin to the superficial layers (II and III) than to since there are undoubtedly more connections which have not the other subdivisions of layer IV. It does not receive yet been identified, and levels containing two or more areas direct geniculate inputs (Hubel and Wiesel, 1972) , and it may ultimately be split. Projections that are weak or inconsistprojects to V2 as well as to MT  ent have not been included. A connection from MT to VP has Tigges et al., 1981) . This affinity of layer IVh with the been tentatively included (see "Results"). The connections superficial layers is reflected by its designation as a shown and the laminar distributions used to assign levels in the hierarchy are from the present study and other investigasubdivision of layer III in some cortical layering schemes (Hassler, 1966; SPatz et al., 1970) . In any event, these lished to be reciprocal; all those not as yet demonstrated are tions (see Table II ). Some connections have not been estabterminological difficulties can be avoided by referring to putative feedback projections (from v4 to v3 and ~2, from VIP everything from layer IVb and above as supragranular, to V2, from IT to V4 and connection 8, and from POa to V4). Vol. 3, No. 12, Dec. 1983 Cragg, 1969; 4. Desimone et al., 1980; 5. Kunzle and Akert, 1977; 6. Lund et al., 1976; 7. Maunsell et al., 1980; 8. Maunsell and Van Essen (present study); 9. Mesulam et al., 1977; 10. Pandya and Seltzer, 1982; 11. Rockland and Pandya, 1979; 12. Seltzer and Pandya, 1980; 13. Van Essen, D. C., A. B. Burkhalter. W. T. Newsome, and J. H. R. Maunsell (unpublished); 14. Weller and Kaas, 1978; 15. Wong-Riley, 1979; 16. Zeki, 1969; 17. Zeki, 1971. reasonable to regard an infragranular contribution of less than 10 to 15% as consistent with a forward pathway and a contribution of 30% or more as suggestive of a feedback pathway. An intermediate range should for the present be regarded as uncertain in assignment. As quantitative estimates become available for a larger number of pathways, these criteria for forward versus feedback patterns may, of course, be subject to revision.
Using the relationships between all pairs of reciprocally connected areas, it is possible to construct an overall hierarchical scheme for the ensemble of visual cortical areas3 This can be done by assigning each area to a hierarchical level immediately above the uppermost level from which it receives a forward projection. The hierarchy for visual areas in the macaque is illustrated in Figure 14 . The scheme involves six hierarchical levels occupied by seven well defined visual areas (boxed entries) and six less well defined visual regions (elliptical entries) . The areas at the two uppermost levels of the hierarchy should not all be regarded as strictly visual in function. To the contrary, some of these are known either to have inputs from other sensory modalities or to be involved in visuomotor function (see Lynch, 1980; Goldberg and Bushnell, 1981) .
This hierarchy is based on information from many 'By hierarchy, we mean a system in which each member can be unambiguously assigned to a specific level relative to other members. A serial ranking is one extreme form of hierarchy, but, of course, there are many other types. Note that a hierarchy need not have a single member at the top, nor decreasing numbers of members in successive levels. different studies on cortical connections in the macaque. For every reciprocal pathway represented by one of the lines in Figure 14 , there are four separate laminar patterns, relating to the origins and terminations of the projections in each direction. Table II provides a summary of which laminar patterns have been characterized, in a format that indicates the source of information for each pathway. It shows a total of 45 laminar patterns associated with 36 projections, including 14 pairs of identified reciprocal connections. Obviously, the list is far from complete, and determination of all four laminar patterns has been achieved for only three reciprocal pathways (Vl-V2, Vl-MT, and VB-MT).
It is of considerable significance that the hierarchy in Figure 14 can be constructed at all, since it depends on the fact that the connections noted in Table II adhere to two organizational relationships. The first has already been discussed; namely, that if one projection within a reciprocal pathway is of the forward type, the other is of the feedback type. The second is the principle of transitivity: if area B is forward relative to A, and C is forward relative to B, then the projection from A to C (if it exists at all) is also forward. Clear exceptions to this principle would lead to a major ambiguity in the hierarchical assignments of the areas involved. On the other hand, it is not essential that all pathways conform to either the forward or feedback pattern. An obvious third possibility is that of "lateral" connections-between areas at the same hierarchical level. The existence of lateral connections does not invalidate the principle of hierarchical organization as long as any area which projects to two laterally connected areas bears the same relationship (forward, feedback, or lateral) to both.
It should not be surprising to find a few lateral connections in a hierarchy with as many members and interconnections as are already demonstrated in extrastriate visual cortex. The projection from MT to V4 may be one such example, since part of it terminates in a manner unlike either the standard forward or the feedback pattern, with label in radial bands extending through the thickness of the cortex. Rockland and Pandya (1979) described a similar pattern of columns in the superior temporal sulcus (probable MT) after tracer injections in "area 19" (probable V4), suggesting a reciprocal pathway which may be relatively symmetric. Radial columns are also a characteristic feature of some intrinsic cortical connections-those within a single area. This was shown by Rockland and Pandya (1979) for several extrastriate regions, and we have shown it in the present study for both the intrinsic ipsilateral connections within MT and also the contralateral projections to MT (but not MST). Intrinsic connections, be they ipsilateral or contralateral, link regions of cortex at the same hierarchical level and, thus, are a type of lateral connection. Accordingly, the similarity with other putative lateral connections may not be entirely fortuitous. We have also tentatively placed areas 7a and MST at the same hierarchical level, based on the limited information available concerning the pattern of connections between them (Kunzle and Akert, 1977; Mesulam et al., 1977) .
The hierarchical scheme we have discussed is based strictly on anatomical criteria and would have only limited utility if it were irrelevant to cortical function. In this regard, it is encouraging that there is a clear relationship between the physiological properties of cells in different areas and the position of these areas in the anatomically defined hierarchy. The strongest correlation is with receptive field size. Receptive fields at any given eccentricity are smallest in Vl and progressively increase in size at successive hierarchical levels Robinson et al., 1978; Van Essen and Zeki, 1978; . The second type of correlation is with complexity of receptive field properties, which are simplest in Vl (Hubel and Wiesel, 1968) and most complex in the inferotemporal cortex and area 7a Robinson et al., 1978; Mountcastle et al., 1981) . This relationship is not as sharply defined, however, because not a great deal is known about differences in the complexity of receptive field organization at intermediate hierarchical levels.
As additional connections between visual areas are traced, it can be anticipated that the present scheme of hierarchical organization will be modified substantially by the incorporation of newly identified areas and perhaps also by splitting of what are currently regarded as single levels. Moreover, similar principles of hierarchical organization may also be demonstrable for other sensory modalities. If so, hierarchies for different sensory systems could meet at polysensory areas, such as those in the parietal cortex, and the cerebral cortex might be described as a single hierarchy of areas, albeit a highly complex one. On the other hand, it is possible that new findings could either invalidate the hierarchy altogether or limit its applicability to a portion of the visual pathway. In evaluating such possibilities, though, it is important to establish that the areas under consideration represent valid subdivisions of the cortex. For example, Brodmann's (1905) areas 18 and 19 in the macaque together contain seven of what are currently recognized as distinct visual areas on the basis of connections, topographic organization, and revised architectonic boundaries. Obviously, strict reliance on Brodmann's scheme for the analysis of connectional patterns in the occipital lobe would not have led to the recognition of a well defined hierarchy. Likewise, the assignment of hierarchical relationships for other cortical regions should be predicated upon a critical reassessment of the fundamental subdivisions of the parietal, temporal, and frontal lobes. Close attention to laminar patterns of connectivity may itself prove very helpful in refining the identification of cortical areas.
Another general issue concerns whether analogous hierarchies exist for species other than the macaque. We have already cited much of the evidence that the connections of visual areas in New World primates conform to the same laminar distribution patterns as in the macaque (cf. Weller and Kaas, 1981; Tigges et al., 1981) . Hence, it seems likely that for a variety of primates there are cortical hierarchies which bear strong similarities to one another. In the cat, there is evidence based on retrograde labeling that there may be a clear distinction between forward and feedback pathways (Gilbert and Kelly, 1975) . Less is known about differences in patterns of anterograde terminations between different areas. However, even if the criteria for distinguishing between forward and feedback pathways differ from those in primates, it is still possible that unambiguous hierarchical assignments could be made in the cat and other nonprimate species.
Little is known at present about the relationship between the cortical hierarchy and the extensive, often reciprocal, connections between cortical visual areas and various thalamic nuclei, especially the pulvinar. In the cat, Graybiel and Berson (1981) have suggested that visual cortical areas can be grouped into several "family clusters," based largely on the pattern of connections with the LGN and the lateralis posterior-pulvinar complex. It may turn out that similar groupings will become apparent for primates as more is learned about the precise patterns of connectivity between various subdivisions of the pulvinar complex and their targets in extrastriate visual cortex. If so, it will be of interest to see how such clusters are related to the hierarchy which has been identified in the present study strictly on the basis of corticocortical pathways.
The notion of hierarchical processing in visual cortex was first introduced by Wiesel (1962, 1965) as a scheme to account for the receptive field properties of different cell types in areas 17, 18, and 19 of the cat. The emphasis in the present discussion has been on hierarchical relationships at a different level of organization, that of cortical areas rather than functional cell types. Of course, it would be very attractive if the hierarchy of areas could be refined and expanded to the extent that each area could be described in terms of an internal hierarchy of layers and/or cell types. On the other hand, there is no requirement that a system be hierarchical at every level of organization. For example, individual areas might be organized as complex networks lacking well defined levels of processing, while at the same time, the various areas considered as units could maintain precise hierarchical relationships to one another.
Topographic order, patchy projections, and extent of intrinsic connections. Several points should be considered in relation to the regional distribution (as distinct from laminar distribution) of connections within the various cortical areas to which MT projects. The first is simply that the connections with other topographically organized areas are restricted to regions representing the same part of the visual field as at the injection site. Although this is hardly a surprising result, it is significant in view of the substantial disorderliness of the visual representation within MT (Van Essen et al., 1981) . Thus, the principle of linkage between topographically corresponding regions in different areas is upheld even when these regions are in different locations relative to area1 boundaries (see Fig. 3 , in which a vertical meridian injection links a site nearly midway across MT with portions of Vl and V2 right along their common border).
The second point about regional distribution is that the connections of MT are distinctly patchy in some areas, notably V2 and V4, but relatively uniform in others, especially Vl. Patchy projections have now been described for a variety of intrahemispheric as well as interhemispheric pathways in primates (see Van Essen et al., 1982) . Their significance is largely obscure, although in a general sense it is apparent that they may reflect a functional inhomogeneity within individual areas. With regard to the connections of MT, for example, one might expect that the patches of label in V2 and V4 would represent pockets of neurons whose physiological properties are appropriate for input to MT (i.e., selectivity for direction, disparity, and/or speed). An important question relating to this is whether or not the cortex in between the patches labeled by a focal tracer injection projects to any other regions within MT. This cannot be ascertained from our own experiments, but the results of Tigges et al. (1981) with large injections of HRP into MT suggest that there are labeled patches in V2 separated by cortex not projecting to MT at all. One might therefore expect to find significant differences in the properties of cells inside versus outside the MT projection patches.
The third point about regional distribution concerns the intrinsic connections of MT, which are remarkedly extensive in relation to the overall dimensions of MT. In one instance (injection 3, Fig. 7 ) there was label across the full mediolateral extent of MT. In another (injection 1, Fig. 3 ), there was a patch of label located approximately 6 mm from the injection site. Because of their spread relative to visual field coordinates, these intrinsic connections are unlikely to be responsible for the main excitatory drive to neurons in MT. An interesting alternative is that they subserve a modulatory role in which a large surrounding region can influence the responsiveness to stimulation of the receptive field. Pronounced modulatory influences of this type, both facilitatory and inhibitory, have recently been shown to be common among neurons in MT of the owl monkey (Miezen et al., 1982) . These surround effects sometimes extend over most of the visual field, which is commensurate with the physical extent of the intrinsic connections which we found for MT in the macaque and which Wagor et al. (1975) found in the owl monkey.
A related issue concerns the significance of the connections with MT of the opposite hemisphere. As already suggested, such interhemispheric projections are arguably an intrinsic connection of MT and, hence, they might serve the same modulatory role as the local ipsilateral connections just discussed. If so, one might expect that the contralateral projections originating from any given site in one hemisphere would be a continuation of the pattern found ipsilaterally, starting at the vertical meridian representation and extending, perhaps in a patchy fashion, a considerable distance away from this meridan.
An alternative possibility already mentioned is that interhemispheric connections preferentially link mirrorsymmetric portions of the visual field. Although the functional consequences seem potentially rather peculiar, evidence for such an arrangement has nonetheless been reported for several visual areas in monkeys and cats (Spatz and Tigges, 1972; Tigges et al., 1974; Wagor et al., 1975; Segraves and Rosenquist, 1982) . However, in our opinion, this interpretation is open to doubt because the assessment of topographic relationships in these studies was based on standardized maps for one or both hemispheres rather than direct recording from the cortical regions in question. Our results, although not conclusive, argue against the extreme form of the mirrorimage hypothesis. Given the small size of the areas concerned and the substantial topographic disorderliness typical of extrastriate visual areas, though, it is apparent that further experiments involving detailed physiological as well as anatomical mapping of both contralateral and ipsilateral hemispheres will be necessary to resolve this issue.
Areas MST and VIP. An important result of these experiments has been the demonstration of a projection from MT to the cortex immediately medial to it in the superior temporal sulcus. This area is known to contain neurons which respond to visual stimuli and which have direction selectivity much like that in MT (Van Essen et al., 1981) . We have called this the medial superior temporal area (MST) and define it as the MT-recipient region in the medial part of the superior temporal sulcus which contains a high proportion of direction-selective neurons. Newsome and Wurtz (1982) have recently described a distinctive architectonic region in the superior temporal sulcus, less heavily myelinated than MT, which may be coextensive with MST.
Previous anatomical and physiological experiments have demonstrated other features of MST. Labeled cells are found in MST following HRP injections in the frontal eye fields (Barbas and Mesulam, 1981) or area 7a (Mesulam et al., 1977) . A study in alert monkeys by Newsome and Wurtz (1981) suggests that neurons in MST differ from those in MT in their responses to visual motions caused by eye movements. Whereas cells in MT respond similarly to equivalent retinal motions whether they are caused by stimulus or eye movements, some of the cells in MST respond during smooth eye movements in ways which are not explained by their responses to stimulus movements during stationary fixation. These anatomical and physiological results are consistent with the idea that MST represents a further stage in the processing of motion by the cortical visual system.
The ventral intraparietal area, VIP, like MST, is identified as a specific MT projection zone. It appears to be a small area, perhaps no larger than MT itself. Although it is included in the hierarchy of visual areas on the basis of its connections, we are not aware of any physiological evidence that this region, along the fundus of the intraparietal sulcus, actually contains visually responsive neurons. Nevertheless, these findings add to the evidence for considerable complexity in the anatomical organization of the posterior parietal cortex (cf. Pandya and Seltzer, 1982) , thereby emphasizing the importance of relating the functional properties of cells to the particular parietal subdivision to which they belong.
Comparisons with other species. The connections of MT have been described in four other primate species: the owl monkey, squirrel monkey, marmoset, and bushbaby. MT in the owl monkey (Aotus) is known to have connections with five ipsilateral cortical areas (see Weller and Kaas, 1981) . The connections of MT with Vl and V2 in this animal clearly correspond to those in the macaque. The dorsolateral area, which lies adjacent to MT in the owl monkey and which has connections with it, may be related to V4 in the macaque . The correlation between other MT-recipient areas in the owl monkey and the macaque is not clear.
The arrangement of cortical visual areas in the squirrel monkey (Saimiri), marmoset (Callithrix), and bushbaby (Galago) is less well understood, but MT in all three species has connections with V1 and V2 (Spatz and Tigges, 1972; Tigges et al., 1981; Wall et al., 1982) . Some of the additional connections of MT in these species are likely to be equivalent to those seen in the macaque. MT in the bushbaby has contralateral projections to MT and to cortex dorsal to MT which might correspond to MST in the macaque (Wall et al., 1982) . There are at least two differences between the cortical connections of MT in the macaque and the marmoset, though. Whereas MT in the marmoset appears to project to ventral V2, there is no projection further anterior in ventral cortex which can be equated to the projection from MT to connection 8 in the ventral cortex of the macaque. Furthermore, marmoset MT sends a substantial projection to the frontal eye fields. We found no such projection in the macaque.
For the most part, there is good agreement between the subcortical projections of MT in the macaque and other primate species, and these are summarized in Table  III . We found no projection to the pretectum in the macaque. This projection is weak in the bushbaby (Wall et al., 1982) , and it is possible that a small projection may have gone undetected in the macaque. In the owl monkey, MT has a weak projection to the magnocellular layers and layer S of the dLGN Graham et al., 1979) . Although the dLGN was carefully Wall et al., 1982; Raczkowski and Diamond, 1980 . * Spatz and Tigges, 1973 . ' Graham et al. 1979; Kaas 1977,1979 . d The present study.
examined, no such projection was seen in the macaque. Tigges et al. (1982) have recently shown that MT in the squirrel monkey (Saimiri) receives projections from at least 11 subcortical structures other than the pulvinar complex. None of these structures was demonstrated to project to MT in the present experiments. However, it is unlikely that the subcortical connections of MT are greatly different in the two species, and we presume that our experiments were not suited to demonstrate minor subcortical inputs (see "Materials and Methods").
Functional considerations of MT connections. The high proportion of neurons in MT which are selective for direction, speed, and disparity suggest that this area is important in the analysis of visual motion. The anatomical outputs of MT give further insight into how this type of information may be used in the nervous system. MT projects to MST, which is also concerned with motion, and which in turn projects to area 7a (see above). Area 7 has been implicated in certain forms of complex behavior, including "attention" (Mountcastle et al., 1981) . MT may provide an important sensory contribution to these functions. MT also projects to areas associated with the generation and control of eye movements, notably the superior colliculus and pontine nuclei. The superior colliculus in the macaque is known to contain a motor map of saccades (Schiller and Koerner, 1971) . The MT-recipient part of the pons gives rise to a substantial projection to the part of the cerebellum around lobule VII (Brodal, 1978 (Brodal, , 1982 , which contains another motor map of eye movements (Ron and Robinson, 1973) , and also neurons which signal eye speed and retinal slip speed (Suzuki et al., 1981) .
As yet there is no evidence for a major input from MT to the inferotemporal cortex, aside from the relatively modest pathway from MT to V4, which then projects to IT. Inferotemporal cortex has been shown to contain neurons with a high degree of shape specificity (Gross et al., 1972) and is important for visual discrimination of form (see Gross, 1972) . It would not be surprising if such connections were rather minor, since information from Vol. 3, No. 12, Dec. 1983 MT would be of little direct value for discrimination of form. The overall pattern of outputs from MT is consistent with the notion that extrastriate cortex contains relatively independent subsystems serving the analysis of motion and form discrimination.
Further anatomical studies will be needed to determine how sharp this functional segregation actually is.
